This paper presents the results of a stepwise and comprehensive analysis of the droughts for the entire Slovakia based on extensive monthly rainfall measurements, kindly provided by the Slovak Hydrometeorological Institute, over a considerable time-span in a large number of climatic stations evenly distributed over that country ( Fig. 1) : 491 climatic stations with 33 years of precipitation data, from January 1981 to December 2013 [2] and [3] .
To achieve the previous purpose one of the most common indexes, the Standardized Precipitation Index (SPI) [4] , was selected due to its few data requirements, to the relatively simplicity of its computation when compared to other indices and to its comparability because it is a dimensionless index [5] [6] [7] . The SPI was designed to quantify the precipitation deficit at different time scales (from 1 to 24 months), which reflect the impact of droughts on the different types of reservoirs of fresh water at the watershed level -as the time scale increases, meteorological, agricultural, hydrological and the socio-economic droughts [8] . The time scale adopted in the study was three months (SPI3) as it reflects short-and medium-term soil moisture conditions and provides a seasonal estimation of precipitation, which is quite important in primary agricultural regions such as Slovakia. In fact, approximately half of the country is under agricultural production [9] . The computation of the index at the previous time scale utilized the Pearson type III distribution with parameters estimated by the method of L-moments [10] . Regarding the drought categories, the following scale of SPI values, developed by [11] , was adopted: below -1.65, extreme droughts; between -1.65 and -1.28, severe droughts; and between -1.28 and -0.84, moderate droughts.
In Slovakia, as in many other European countries, the fresh water related risk, and specifically the droughts are expected to become more frequent, intense and prolonged due to climate change [12] and [13] . At the same time, most of the studies about the issue are focused on specific regions or aspects rather than aiming at a comprehensive characterization of the phenomenon for the whole country, based on extensive hydrological ground data [14] [15] [16] [17] [18] [19] [20] .
This paper presents some of the more relevant results achieved by [2] and [3] , namely: a drought regionalization for Slovakia; for each homogenous region the characterization of the yearly frequency of the drought occurrences; and the establishment of surfaces of precipitation thresholds that can be used to identify the droughts at the early stages of their development.
II. MODELS APPLIED
Droughts are regional events which makes important to identify areas not only more prone to those occurrences but also where they present similar behavior in terms of main characteristics, such as frequency of occurrence or severity. Having in mind the regional nature of the droughts, prior to the characterization of the phenomenon in Slovakia, an identification of the homogenous areas regarding the temporal pattern of the SPI3 field was done. For that purpose principal component analysis (PCA) was applied, as done by others authors within a similar framework [21] , [22] and [5] .
To extract the principal components, PCs, the Pearson correlation matrix was considered. The results of PCs were evaluated by analyzing the eigenvalues (interpretation of the scree plot [23] ), the correlations between PCs and the original variables (mapping of the factor loadings) and the percentage of the variance explained. To achieve more stable spatial patterns, a rotation of the principal components with the Varimax procedure was done. The patterns defined in this way are referred as rotated principal components, RPCs.
The extracted principle components, either unrotated, PCs, or rotated, RPCs, can be considered representations of the same variable measured in the same units as the SPI3 from which they were derived, which was the assumption underlying the regionalization study.
In what concerns the analysis of the frequency of the droughts in each homogenous region it aimed at ascertaining if regardless of the severity of the drought (i.e., the precipitation deficit) the distribution of the occurrence of droughts changed over time. For this purpose a kernel occurrence rate estimator (KORE) was applied to the historical temporal series of drought occurrences [24] [25] [26] [27] . Only severe or worse droughts, represented by SPI3 values lower than -1.28, were considered.
The kernel technique is a nonparametric model developed by [28] for smoothing point process data, in the case of the present application, the times of occurrence of the droughts. A Gaussian kernel was adopted [29] . The KORE analysis used the methodology detailed by [25] [26] [27] applied to the RPCs obtained from the SPI3 field. To reduce the boundary estimation bias, pseudo data was generated before and after the observation period. To account for the uncertainty of the KORE estimates, a pointwise 90% confidence band was constructed around the annual occurrence rate or frequency curve by means of a bootstrap simulations [25] , [30] and [31] . The previous curve gives the number of events per year, (t).
Finally SPI surfaces of precipitations thresholds aiming at an expeditious recognition of droughts events were obtained by inversion of the calculation procedures of the SPI3.
III. RESULTS
The PCA showed that the first four components explain about 80% of the total variance of the original SPI3 series and that, from the fourth to the fifth component, the increment of variance explained is negligible (approximately 1%). By mapping the factor loadings, four leading components were also suggested, since they fully cover the study area and do not overlap. Based on these results, the first four components were retained to rotate. Fig. 2 contains the maps of the factor loadings thus obtained, i.e., the spatial representation of the correlation, R, between each one of the four rotated components, RPCs, and the SPI3 field data. Based on these results, the regions where R was equal or higher than 0.6 were delimited, as represented in Fig. 3 . For that purpose an area was assigned to each rain gauge, according to the Thiessen polygon method [32] . The Thiessen polygons are also represented in Fig. 3 . This figure shows that the procedure applied was able to identify regions that are spatially very well delimited, do not overlap and almost cover the whole Slovakia. Adapted from [3] . Fig. 2 and 3 ): Western Slovakia, 132 rain gages and 22%; Central Northern Slovakia, 101 rain gages and 20%; Eastern Slovakia, 90 rain gages and 15%; and Central Southern Slovakia, 125 rain gages and 23%. It should be stressed that only 43 from the 491 rain gauges were not included in the homogenous regions established based on the temporal patterns of SPI3. All the rotated components relate mostly positive with the original SPI3 series. Each rotated component means that the variation measured by the SPI3 among the drought/wet conditions across region at a time scale of 3 consecutive months can be explained adequately by that component, rather than by the rain gauges included in the region, which means a clear dimensionality reduction of the SPI3 field.
In Fig. 4 the results from the KORE frequency estimator applied to each one of the first four RPCs time series are presented. As mentioned, only severe or worse droughts, represented by values of SPI3 lower than -1.28, were considered. In the diagrams of the figure the vertical ticks along the x-axis indicate the points in time when occurred the drought events. The previous figure shows that the different homogenous regions (identified by the factor loadings) denote different yearly frequencies of occurrence of severe droughts although with some similarity between Western (F1) and Central North (F2) regions, in one hand, and between Eastern (F3) and Central South (F4) regions, in the other hand. In fact, the Western half of Slovakia (F1) experienced an increase in the drought occurrences from about 2002 on. Such increase is much more pronounced in the Central North region (F2), where the highest rate of annual droughts occurs at the end of the analyzed period, than in the Western region, where the highest rate of droughts was achieved around 1994, being slightly higher than the rates towards the present. In the Eastern part of Slovakia (F3) the drought frequency seems to be decreasing towards the present or, at least, it is not as high as it was in the past. Except for Central Northern region (F2), all the other regions experienced more frequent droughts in the past, which somehow disagrees with the expected effects of the climate change. Fig. 5 and 6 exemplifies the precipitation surfaces obtained by inverting the SPI3 for severe and extreme drought categories in each one of the 491 rain gauges used in the study. Each map of the Fig. 5 and 6 shows the spatial distribution of the cumulative precipitation in periods of three consecutive months such if the precipitation registered in a given location falls below the value given by the map for that location, then a severe/extreme drought is occurring.
The figures show that the spatial patterns of the threshold precipitations are poorly differentiated across the maps. However, the smooth transition between successive maps is easily understandable because each two consecutive maps always include a common period of analysis of two months.
Maps such as the ones of Fig. 5 and 6 and eventually for other time scales and droughts categories can be particularly suitable as tools of observatory and early warning systems of droughts. In fact, by comparing the registered precipitation in a given location and period with the precipitation thresholds for the same location, either for that period or for a wider one, obtained by including the following months, it is possible to conclude not only if a drought is occurring in that location but also how much it should rain in the next month/months in order to avoid drought conditions. By assigning probabilities to these amounts of rain it is possible to estimate the probabilities of recovering from a drought in the next months. Based on this information different decisions can be taken regarding the exploitation, for example, of water supply systems based on artificial reservoirs. 
IV. CONCLUSIONS
This paper presents a comprehensive characterization of the droughts for the entire Slovakia by using the Standardized Precipitation Index, SPI, computed based on a monthly precipitation dataset over a time-span of 33 years (from January 1981 to December 2013) at 491 rain gauges covering the entire country. Taking into account the relevance of agricultural in Slovakia, the time scale of three months, SPI3, was adopted to exemplify the results.
The regionalization analysis based on Principal Component Analysis applied to the SPI3 field resulted in the identification of four non-overlapping regions, homogeneous in terms of the temporal patterns of the drought events: Western, Central Northern, Eastern and Central Southern Slovakia. The characterization of the yearly frequency of droughts showed that, except for Central Northern region, all the other three regions experienced more frequent droughts in the past. Hence, there is no evidence that the droughts became more frequent in Slovakia, which somehow disagrees with the expected effects of the climate change. By inversion of the SPI3, surfaces of precipitation thresholds were obtained aiming at recognizing the drought occurrences in their early stages of development and at quantifying the probability of recovering from those events thus contributing to the sustainable management of the water resources, especially when based on artificial reservoirs.
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